Key points
==========

Healthy ageing in man is associated with a decline in motor adaptation.Transcranial direct current stimulation (TDCS) over the primary motor cortex (M1) or the lateral cerebellum can improve motor adaptation in young and older adults, but as yet no direct comparisons of TDCS effects exist between the two age groups and the two stimulation sites.TDCS over M1 enhanced the motor adaptation in both age groups by ∼30% relative to their respective non-stimulated groups and improved the performance of older adults to the extent that it compared with that of young adults without stimulation.The study suggests that the plastic mechanisms activated by TDCS that underpin improvements in motor behaviour in young adults remain available in older adults.The results indicate that TDCS may be a useful tool to help combat the normal decline in motor performance seen in normal healthy ageing.

Introduction
============

When tested with sensitive laboratory-based behavioural tests, healthy ageing has been shown to be associated with a general reduction in motor performance, characterised by decreases in accuracy, coordination and movement speed and increases in movement duration and variability (Seidler *et al*. [@b57], [@b58]; Krampe, [@b38]; Sarlegna, [@b54]; Heuninckx *et al*. [@b28]; Dutta *et al*. [@b11]). These impairments are linked to change in brain structure such as regional cortical thinning, decreases in the volume of subcortical structures, concordant ventricular enlargement and changes in white matter integrity (Salat *et al*. [@b53]; Walhovd *et al*. [@b62], [@b63]; Fjell *et al*. [@b14]; Hafkemeijer *et al*. [@b21]; Sexton *et al*. [@b59]). Brain physiology is also affected in healthy aging, for example decreased neural plasticity is seen (Rogasch *et al*. [@b52]; Freitas *et al*. [@b17]; Pascual-Leone *et al*. [@b49]). These changes to brain structure and function may explain the decrease in motor performance that can be seen using lab-based behavioural testing.

Moving successfully in a dynamic and ever-changing world relies on continuous calibration of the motor system. Motor adaptation is a form of motor learning that restores accuracy when systematic motor errors are encountered. As such, it is thought to play a critical role in maintaining motor accuracy in the face of changing factors such as muscle fatigue or weakening. Several studies have reported that motor adaptation is impaired in older adults and as such may play a role in the general decline of motor performance in the ageing population (Buch *et al*. [@b8]; Bock & Girgenrath, [@b5]; Seidler, [@b56]; Anguera *et al*. [@b1]; Heuer & Hegele, [@b26]; Langan & Seidler, [@b39]; Huang & Ahmed, [@b29]).

The last 15 years have seen a seemingly exponential rise in the use of transcranial direct current stimulation (TDCS) in both the experimental and clinical settings. TDCS has the attractive property of being capable of modulating neural excitability whilst being painless, non-invasive and well tolerated. It has been repeatedly demonstrated that TDCS can improve some motor behaviour in both healthy subjects (Nitsche *et al*. [@b46]; Boggio *et al*. [@b6]; Reis *et al*. [@b51]) and a number of chronic and acute movement disorders such as stroke (Hummel *et al*. [@b30]), spinal cord injury (Fregni *et al*. [@b15]*a*) and Parkinson\'s disease (Fregni *et al*. [@b16]*b*). In general, it has been shown that the modulation of excitability is polarity dependent with anodal TDCS being excitatory and cathodal TDCS being inhibitory (Nitsche & Paulus, [@b44]).

A recent study took advantage of anodal TDCS ability to enhance behaviour to explore the respective role of the primary motor cortex (M1) and the lateral cerebellum in the adaptation of upper limb movements in young healthy adults (Galea *et al*. [@b19]). The authors found that anodal TDCS over the lateral cerebellum increased the rate of adaptation, while anodal TDCS over M1 increased the amount of retention of the adaptation. Their conclusion was that the lateral cerebellum was involved in the development of the adaptation itself, while M1 was responsible for retention of the adapted state. Following this first study, other studies found that anodal TDCS over the lateral cerebellum improved other forms of adaptation such as force-field adaptation, locomotor adaptation and eyeblink conditioning (Jayaram *et al*. [@b34]; Zuchowski *et al*. [@b65]; Herzfeld *et al*. [@b24]), suggesting that anodal TDCS could be a useful tool to enhance the adaptive process in healthy young adults. More recently, a study demonstrated that the application of anodal TDCS over the lateral cerebellum during the adaptation of reaching movements could compensate for the deficit in adaptation normally seen in older adults when compared to young controls (Hardwick & Celnik, [@b22]). However, to date, no single study has directly compared the effect of TDCS over M1 and the cerebellum between young and older adults.

Therefore, the aim of this study was to investigate the effect of anodal TDCS over M1 and over the lateral cerebellum on the motor adaptation of both young and older adults. Specifically, we intended to replicate earlier findings that visuomotor adaptation is indeed impaired in the older adults, and then identify whether the beneficial effect of anodal TDCS over M1 and the cerebellum was comparable between the two age groups. Because of the changes in brain structure and function underlying healthy aging, we could expect that the effect of anodal TDCS would quantitatively differ between young and older adults. Moreover, we tested the online effect of anodal TDCS on the adaptation process, but also its off-line short-term effect 50 min later. We used a version of the classic visuomotor rotation task in which participants must adapt to a rotation imposed between a joystick, controlled using small movements of the fingers and wrist, and the cursor presented on a computer screen (Cunningham, [@b10]; Krakauer *et al*. [@b37]; Miall *et al*. [@b43]). Participants received anodal TDCS over left M1, right cerebellum or received sham stimulation while adapting to this visuomotor rotation. Participants were subsequently re-tested after a 50 min break on the same adaptation protocol to evaluate short-term retention, before de-adapting back to their natural state.

Methods
=======

Participants
------------

Eighty-four healthy participants took part in the study, but the data of four older adults was excluded from this paper, as they did not follow the instructions to perform the task (i.e. they did not return to the starting position before the beginning of each trial). In total, we report the results for 80 healthy participants: 38 older participants (20 females, mean age: 63.2 ± 7.5 years old, 4 left-handed participants) and 42 young adults (20 females, mean age: 22.5 ± 3.1 years old, 8 left-handed participants). Handedness was self-reported as the dominant hand and participants received monetary compensation for their time (£10 per hour). Participants were assigned randomly to one of three groups as follows.

-   Motor cortex (M1) stimulation: 14 young (3 left-handers), 13 older adults (1 left-hander).

-   Cerebellar stimulation: 14 young (2 left-handers), 12 older adults (3 left-handers).

-   Sham stimulation: 14 young (3 left-handers), 13 older adults (no left-hander).

There was no age difference in the three sub-groups of young participants (*F*~(2,39)~ \< 1, *P* = 0.81) or the three sub-groups of older participants (*F*~(2,35)~ \< 1, *P* = 0.73). Young and older participants were screened for personal or familial history of epilepsy, neurological condition, neurosurgery, strokes and depression. Experimental procedures conformed to the Code of Ethics of the World Medical Association (*Declaration of Helsinki*) and were approved by the National Research Ethics Service (NRES) Committee South Central -- Oxford B and C. Written informed consents were obtained from all participants who took part in the study.

TDCS
----

TDCS was applied via two saline-soaked electrodes (5 cm × 7 cm) using a DC-stimulator Plus (NeuroConn, Ilmenau, Germany). For M1 stimulation, the anodal electrode was placed over the hand area of the left primary motor cortex, identified in each subject with single-pulse transcranial magnetic stimulation (TMS: Magstim 200, Dyfed, UK), with the cathodal electrode positioned on the contralateral supraorbital area (Nitsche & Paulus, [@b44]). For cerebellar stimulation, the anodal electrode was centred on the right cerebellar cortex, 3 cm lateral to the inion (Galea *et al*. [@b18]; Jayaram *et al*. [@b34]; Hardwick & Celnik, [@b22]), while the cathodal electrode was placed on the left superior aspect of the trapezius muscle. For cerebellar TDCS, we used an extra-cephalic reference electrode to avoid the confound arising from placing the cathodal electrode on the participant\'s head which would influence the activity of the brain beneath. The cathodal electrode was placed over the trapezius muscle as this montage was successfully used to stimulate the cerebellum and cerebral cortex in several published studies (Joundi *et al*. [@b35]; Brittain *et al*. [@b7]; Mehta *et al*. [@b41], [@b42]; Panouillères *et al*. [@b47]). In both stimulation conditions, anodal stimulation was delivered at 2 mA (Iyer *et al*. [@b33]; Ferrucci *et al*. [@b13]; Galea *et al*. [@b19]) with the stimulation intensity gradually ramped on and off over a 10 s period. TDCS started at the beginning of the baseline phase, continued during the first adaptation phase (7 min) and continued for approximately 10 min into the break (a total of 17 min stimulation: Fig.[1](#fig01){ref-type="fig"}*A*). The stimulation was continued into the break as it has been shown that stimulating M1 for at least 13 min leads to changes in M1 excitability in young adults lasting up to 60 min after stimulation termination (Nitsche & Paulus, [@b45]). For the sham-stimulation sessions, the electrodes were placed as for M1 stimulation, but stimulation only lasted for 30 s, with 10 s ramping on and off. In this way, all participants thought they were being stimulated. To maintain the blinding regarding the stimulation condition as much as possible, subjects were told that the results of the stimulated group will be compared to a non-stimulated group, but it was not mentioned that the non-stimulated group was in fact a sham group.

![Experimental design\
*A*, time course of the sessions. TDCS or sham was started in baseline, carried on during the first visuomotor adaptation phase (VM Adapt1) and was turned off approximately 10 min into the break (stimulation duration: 17 min). After the 50 min break, participants performed the second visuomotor adaptation phase (VM Adapt2) followed by the de-adaptation (De-Adapt). *B*, in the baseline and de-adaptation trials, the movements of the green cursor followed the exact path of the joystick movement. For the visuomotor adaptation trials (VM Adapt1 and VM Adapt2), the movement of the green cursor was rotated by 60 deg counterclockwise relative to the joystick movement. Note that the red target was presented randomly to one of 8 equidistant positions located on the dashed line circle.](tjp0593-3645-f1){#fig01}

Experimental design and procedure
---------------------------------

Participants sat in an armless chair about 80 cm away from a computer screen (size: 26.5 cm × 16.5 cm) placed vertically in front of them and manipulated a joystick with their right hand, regardless of handedness, that was fixed to a table at a comfortable height on their right side. The joystick was 6.5 cm in height, 2 cm in width and the maximal centre-out excursion of 17 deg (low profile contactless joystick, APEM 9000 Series, RS Components). Subjects then controlled the joystick by moving their fingers and/or wrist. The joystick (sampling rate: 60 Hz) moved a green cursor (diameter: 0.3 cm) on the computer screen. A shield was used to prevent the participants from seeing their hand or joystick while performing the task. During the experiment, participants had to follow a red target (diameter: 0.3 cm) that jumped from the centre of the screen to one of eight equidistant positions, separated by 45 deg, located at the perimeter of a visible circle (radius: 4.6 cm, Fig.[1](#fig01){ref-type="fig"}*B*). The red target was presented in the centre of the screen for 750 ms and then jumped to a randomly selected peripheral position and stayed in this location for a further 750 ms. Participants started each trial with the green cursor in the centre of the screen (resting position of the joystick) and were instructed to make fast, accurate and ballistic movements with the joystick, in order to 'shoot' the red target with the green cursor. Participants had 750 ms to perform this movement; they were asked not to stop on the target but to pass through it and then to release the joystick so that the green cursor could come back to the starting position for the next trial. On average, outward movements for the older participants lasted about 220 ms and those of the young adults lasted about 160 ms, suggesting that both groups were able to elicit fast, ballistic movements.

Behavioural testing was divided into five phases: baseline, first adaptation (VM Adapt1), consolidation period (break), second adaptation (VM Adapt2) and de-adaptation (De-Adapt, Fig.[1](#fig01){ref-type="fig"}*A*). During the baseline, participants performed 50 trials in which the direction of movement of the green cursor matched the movement of the joystick (Fig.[1](#fig01){ref-type="fig"}*B*). After a break of 1 min, the adaptation phase (VM Adapt1) started and lasted for 150 trials. In this phase, the movement of the green cursor was rotated counter-clockwise by 60 deg relative to the joystick movement (Fig.[1](#fig01){ref-type="fig"}*B*). Participants were told the nature of the cursor rotation before the start of the adaptation phase, to give young and older participants similar explicit knowledge about the perturbation. Participants were instructed to keep moving as fast, accurately and straight as in the baseline phase and to avoid making corrective secondary movements despite the large errors initially incurred as a consequence of the rotation. Participants were also told not to use any explicit strategy to overcome the error and that the learning will occur implicitly. The consolidation period consisted of a 50 min break where participants were at rest. This period was followed by the second adaptation phase (VM Adapt2) that was identical to the initial adaptation phase. Finally, participants performed the de-adaptation phase (150 trials) in which the movement of the green cursor once again matched the movement of the joystick (Fig.[1](#fig01){ref-type="fig"}*B*).

Data analysis
-------------

Joystick movements were analysed on a trial-by-trial basis using in-house software written in MATLAB (Mathworks Inc., Natick, MA, USA). Our main measure was the angular error between the initial outward movement of the cursor and the target. We calculated the movement error as the angular difference between a straight line from the start position to the target and the position of the cursor at peak velocity. The automated calculation of movement error based on maximal velocity was checked by the operator trial-by-trial. Trials with premeditated or otherwise poorly defined movements were rejected from further analysis (mean ± standard deviation: 0.86 ± 0.97% of trials were rejected per subject). Baseline performance was measured by averaging the last 10 trials of the baseline phase. Adaptation in the different phases (VM Adapt1, VM Adapt2 and De-Adapt) was measured by averaging the movement error across blocks of 10 trials. The late adapted level reached at the end of VM Adapt1, VM Adapt2 and De-Adapt was taken as the average of the last 30 trials of each phase, where adaptation reaches an asymptote. For all individuals in the M1 groups, the percentage improvement in VM Adapt1 relative to sham was calculated as the difference between the late adapted level of each M1 subject and the mean value of the late adapted level in their respective sham group divided by the mean value of the late adapted level in their respective sham group.

Statistical analyses were performed with the SPSS Statistics software package (IBM, Armonk, NY, USA). We ran ANOVAs in the general linear model framework, but for simplicity we will refer to them as ANOVAs. To test for differences in adaptation, blocked error of every 10 trials for the different phases was compared with a three-way ANOVA with the between-subject factors Group (Young and Older) and Stimulation (Sham, M1 and Cerebellum) and the within-subject factor Blocks (1,2, ... 15). The effect of stimulation on movement error in baseline and on the late adapted levels was evaluated using two-way ANOVAs with the between-subject factors Group (Young and Older) and Stimulation (Sham, M1 and Cerebellum). ANOVAs were performed separately for the different phases. Greenhouse--Geisser corrections to the degrees of freedom were applied if Mauchly\'s sphericity test revealed a violation of the assumption of sphericity for any of the factors in the ANOVAs. Significant main effects or interactions in the ANOVAs were followed by Bonferroni *post hoc* tests.

Results
=======

Baseline performance
--------------------

Performance of baseline as measured by the mean error across the last 10 baseline trials did not significantly differ between groups or stimulation conditions (two-way ANOVA: Group effect: *F*~(1,74)~ \< 1, *P* = 0.12; Stimulation effect: *F*~(2,74)~ = 1.66, *P* = 0.20). There was a trend for an interaction between group and stimulation conditions (*F*~(2,74)~ = 3.02, *P* = 0.06), which is explained by the fact that older participants in the M1 condition had slightly larger positive errors than the other older groups and that young in the cerebellar condition also had slightly larger errors compared to young in the sham condition (Table [1](#tbl1){ref-type="table"}). However, these contrasts were far from being significant (Bonferroni *post hoc* tests for older M1 *vs*. older sham: *P* = 0.26; for older M1 *vs*. older cerebellum: *P* = 0.23; for young cerebellum *vs*. young sham: *P* = 0.11; for young M1 *vs*. young sham: *P* = 1). This result then suggests that TDCS over M1 or the cerebellum did not modify the initial motor performance in this joystick task.

###### 

Mean values (± standard deviation) of error (degrees) in baseline for the two groups and the three stimulation conditions

                    Older          Young
  ----------------- -------------- --------------
  Sham TDCS         0.09 ± 3.68    −0.93 ± 2.55
  M1 TDCS           2.21 ± 2.90    −0.46 ± 2.32
  Cerebellar TDCS   −0.04 ± 2.45   0.85 ± 1.51

Older participants are impaired in motor adaptation
---------------------------------------------------

Separate ANOVAs for the VM Adapt1, VM Adapt2 and De-Adapt phases were performed on the mean error averaged across blocks of 10 trials with the between-subject factors Group (Young and Older) and Stimulation (Sham, M1 and Cerebellum) and the within-subject factor Blocks (1,2, ... 15). Both the young and older participants demonstrated the ability to adapt to the visuomotor rotation by significantly decreasing their error within VM Adapt1 and VM Adapt2 in all stimulation conditions (Fig.[2](#fig02){ref-type="fig"}; main effect of Block: *F*~(8,556)~ = 331.40, *P* \< 0.001 and *F*~(9,660)~ = 152.54, *P* \< 0.001, respectively). Both age groups also significantly de-adapted (reduced their error) during the De-Adapt phase (main effect of Block: *F*~(5,378)~ = 481.41, *P* \< 0.001). However, older participants consistently demonstrated impaired adaptation performance compared with young participants in all three phases (main effect of Group: VM Adapt1: *F*~(1,74)~ = 16.75, *P* \< 0.001; VM Adapt2: *F*~(1,74)~ = 17.32, *P* \< 0.001; De-Adapt: *F*~(1,74)~ = 9.27, *P* \< 0.01). For all three phases, a significant interaction between Group and Block confirmed the differences in adaptation rate between young and older participants (VM Adapt1: *F*~(8,556)~ = 2.52, *P* \< 0.05; VM Adapt2: *F*~(9,660)~ = 4.66, *P* \< 0.001; De-Adapt: *F*~(5,378)~ = 3.32, *P* \< 0.01).

![Acquisition of the visuomotor adaptation and de-adaptation\
Movement error (degrees) is shown for the blocks (averaged across 10 trials) of the end of baseline (B), the first visuomotor adaptation (VM Adapt1), the second visuomotor adaptation (VM Adapt2) and the de-adaptation (De-Adapt) phases in the sham, M1 and cerebellar TDCS conditions, for the young (blue circles and lines) and older participants (purple squares and lines) groups. Note that for the M1 and cerebellar graphs, the performances of the sham groups are also represented (young participants: dashed thin blue line; older participants: plain thin purple line). Negative (positive) values indicate counterclockwise (clockwise) deviation. Error bars are standard errors of the mean.](tjp0593-3645-f2){#fig02}

To evaluate the level of adaptation and de-adaptation reached at the end of each phase, the last 30 trials of VM Adapt1, VM Adapt2 and De-Adapt were averaged for each subject. Two-way ANOVAs with the between-subject factors Group (young and older adults) and Stimulation (Sham, M1 and Cerebellum) were conducted on these late adapted levels, separately for the three adaptation phases (VM Adapt1, VM Adapt2 and De-Adapt). The reduced adaptation in the older is reflected in the late adapted levels, as measured by the mean error of the last three blocks of each phase (Fig.[3](#fig03){ref-type="fig"}). Indeed, in all phases, the young participants consistently made errors of significantly smaller magnitude than the older adults (two-way ANOVAs with main effect of Group: VM Adapt1: *F*~(1,74)~ = 13.95, *P* \< 0.001; VM Adapt2: *F*~(1,74)~ = 16.54, *P* \< 0.001; De-Adapt: *F*~(1,74)~ = 28.60, *P* \< 0.001).

![Late adapted levels reached at the end of each phase\
The mean error for the last 30 trials of each phase represents the late adapted level. Error bars are standard errors of the mean. Statistically significant differences are indicated by: \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 (Bonferroni *post hoc* tests following ANOVAs).](tjp0593-3645-f3){#fig03}

M1 stimulation facilitates adaptation in both age groups and aligns the initial adaptation performance of the older participants to that of young participants
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Adaptation was facilitated in both the young and older participants by M1 stimulation (Fig.[2](#fig02){ref-type="fig"}, M1 condition). With M1 stimulation, error reduction was significantly larger during VM Adapt1 than for the groups that received sham or cerebellar stimulation (main Stimulation effect: *F*~(2,74)~ = 9.37, *P* \< 0.001; Bonferroni *post hoc* tests for M1 *vs*. sham and M1 *vs*. cerebellum: *P* \< 0.01). Strikingly, adaptation through VM Adapt1 in the older participants receiving M1 stimulation did not differ from the young sham stimulation group (two-way ANOVA comparing the young sham and older with M1 TDCS: main Group effect: *F*~(1,25)~ \< 1, *P* = 0.85, Block × Group interaction: *F*~(6,151)~ = 1.21, *P* = 0.30).

The movement errors reached at the end of VM Adapt1 (Fig.[3](#fig03){ref-type="fig"}) were significantly lower in young and older participants who received TDCS over M1 compared to participants receiving sham or cerebellar TDCS (main Stimulation effect: *F*~(2,74)~ = 4.29, *P* \< 0.05; Bonferroni *post hoc* tests for M1 *vs*. sham and M1 *vs*. cerebellum: *P* \< 0.05). Indeed, young adults who received sham TDCS reached an error of −10.5 ± 1.3 deg at the end of VM Adapt1 while those who received M1 TDCS had a final mean error of only −6.9 ± 0.7 deg. For older participants, the mean error reached at the end of VM Adapt1 was of −17.6 ± 3.0 deg with sham TDCS and of −12.3 ± 2.3 deg with M1 TDCS. In relative terms, the improvement in late adaptation with M1 stimulation compared to sham was surprisingly similar between the young and older groups: 34.3 ± 6.4% and 30.2 ± 12.9% reduction in error, respectively (*t*~(25)~ = 0.29, *P* = 0.77).

Lasting effects of M1 stimulation after the 50 min break
--------------------------------------------------------

Stimulation of M1 during VM Adapt1 led to a significantly improved performance in VM Adapt2 compared to the sham and cerebellar conditions (Fig.[2](#fig02){ref-type="fig"}; three-way ANOVA with Blocks, Group and Stimulation factors: Stimulation effect: *F*~(1,50)~ = 6.24, *P* \< 0.05; Bonferroni *post hoc* tests for M1 *vs*. sham and M1 *vs*. cerebellum: *P* \< 0.05). The effect was mainly due to the larger decrease in error in the older participants with M1 stimulation for all VM Adapt2 while young participants were mainly improved at the beginning of this phase (Block × Group × Stimulation interaction: *F*~(18,660)~ = 1.88, *P* \< 0.05). Indeed, the profile of the error reduction during the second adaptation phase for the older participants who had received M1 TDCS was again very similar to that of the young participants in the sham condition (two-way ANOVA: main Group effect: *F*~(1,25)~ \< 1, *P* = 0.67, Block × Group interaction: *F*~(7,718)~ \< 1, *P* = 0.46).

The adaptation levels reached at the end of VM Adapt2 were significantly better following M1 TDCS than after sham TDCS in both age groups, as subjects made smaller errors after M1 TDCS than after sham TDCS (Fig.[3](#fig03){ref-type="fig"}; two-way ANOVA with Group and Stimulation factors: Stimulation effect: *F*~(2,74)~ = 4.64, *P* \< 0.05; Bonferroni *post hoc* tests: *P* \< 0.05).

M1 stimulation speeds up the de-adaptation of young participants
----------------------------------------------------------------

M1 stimulation influenced the performance of young during de-adaptation and this was not seen following cerebellar or sham stimulation (Fig.[2](#fig02){ref-type="fig"}; three-way ANOVA with Blocks, Group and Stimulation factors: Group × Stimulation interaction: *F*~(2,74)~ = 4.43, *P* \< 0.05). Indeed the young group with M1 TDCS de-adapted more quickly than the young group who had received sham (Bonferroni *post hoc* test: *P* \< 0.05), while the older groups de-adapted similarly in all the stimulation conditions (Bonferroni *post hoc* tests: *P* \> 0.30). The measure of late adapted levels (Fig.[3](#fig03){ref-type="fig"}) shows that all the young participants reached the same level of de-adaptation and that the same was true for older participants (two-way ANOVA with Group and Stimulation factors: main Stimulation effect: *F*~(2,74)~ \< 1, *P* = 0.42; Group × Stimulation interaction: *F*~(2,74)~ = 3.07, *P* = 0.052). Note that there was a small trend for older adults in the M1 condition to de-adapt less than sham and cerebellar conditions, but this was far from being significant (Bonferroni *post hoc* test: *P* \> 0.25).

Online corrections were not affected by stimulation
---------------------------------------------------

It is possible that the increased accuracy described above is due to more rapid online corrections following TDCS, i.e. corrections before peak velocity is attained. To test this, we re-analysed the data to find the initial movement error calculated as the difference between the target angle and the angle of direction described by the initial straight line of the joystick movement (as opposed to that calculated using peak velocity, see Methods). For VM Adapt1, VM Adapt2 and De-Adapt, ANOVAs with the within-subject factor Block and the between-subject factors Group and Stimulation were conducted on initial movement errors. We again found that VM Adapt1 was facilitated with M1 stimulation relative to sham and cerebellar stimulation (main Stimulation effect: *F*~(2,74)~ = 8.87, *P* \< 0.001; Bonferroni *post hoc* tests: M1 *vs*. sham: *P* \< 0.01; M1 *vs*. cerebellum: *P* \< 0.001) and that adaptation in VM Adapt1 in the older participants receiving M1 stimulation did not differ from the young sham stimulation group (two-way ANOVA: main Group effect: *F*~(1,25)~ = 0.34, *P* = 0.57, Block × Group interaction: *F*~(7,184)~ = 1.39, p = 0.21). In VM Adapt2, the older participants who had received M1 stimulation adapted more than the ones who had received sham (Block × Group × Stimulation interaction: *F*~(21,763)~ = 1.93, *P* \< 0.01). Finally, M1 stimulation influenced the de-adaptation only in young participants relative to sham stimulation (Group × Stimulation interaction: *F*~(2,74)~ = 5.57, *P* \< 0.001). The lack of difference between these analyses and those using data where the initial movements' errors are measured at the peak velocity suggest that TDCS did not influence online corrections, but really affected the adaptation process. This analysis also reveals that the use of peak velocity is an accurate method to calculate initial direction.

No effect of handedness on the results
--------------------------------------

All participants used their right hand to perform the task regardless of handedness as we wanted to stimulate the same brain sites in all the participants: the left primary motor cortex and the right lateral cerebellum. The left-handed participants were relatively well distributed across the different groups and stimulation conditions (see Methods). However, to be sure that the presence of left-handed participants did not alter the results, we performed ANOVAs on the movements' error separately for VM Adapt1, VM Adapt2 and De-Adapt after excluding the data of all the 12 left-handers. These ANOVAs showed that older adults adapted at a significantly slower rate than young adults (Group effect: *F*~(1,62)~ \> 11.48, *P* \< 0.01; Group × Block interaction: *F*~(5,290)~ \> 2.50, *P* \< 0.05). Moreover, we also found that anodal TDCS over M1 facilitated the adaptation during VM Adapt1 compared to sham and cerebellar stimulation (Stimulation effect: *F*~(2,62)~ = 6.25, *P* \< 0.01; Bonferroni *post hoc* tests: *P* \< 0.05). M1 stimulation was also improving the error reduction during VM Adapt2, mostly for older adults (Stimulation effect: *F*~(2,62)~ = 2.90, *P* = 0.06; Stimulation × Block × Group interaction: *F*~(17,533)~ = 2.02, *P* \< 0.01). Finally, M1 stimulation also affected the performance of young during the de-adaptation phase (Group × Stimulation interaction: *F*~(2,62)~ = 5.32, *P* \< 0.01). Because these results are qualitatively and statistically similar to the ones presented above, we conclude that the handedness of our subjects did not impact the effect of the stimulation.

Discussion
==========

The main finding of this study is that anodal TDCS over M1 similarly improved the acquisition of motor adaptation in both young and older adults. This facilitation of motor adaptation in older adults made their performance similar to that of young participants who did not receive any stimulation and the effect of the stimulation continued beyond the 50 min break. Surprisingly, we did not find any effect of the stimulation of the lateral cerebellum on the adaptive process.

Comparison of the two age groups who received sham stimulation replicates findings from previous studies that demonstrate that ageing is associated with a decrement in motor adaptation (Buch *et al*. [@b8]; Bock, [@b4]; Bock & Girgenrath, [@b5]; Seidler, [@b56]; Anguera *et al*. [@b1]; Fernandez-Ruiz *et al*. [@b12]; Heuer & Hegele, [@b26]; Langan & Seidler, [@b39]; Huang & Ahmed, [@b29]; Hardwick & Celnik, [@b22]). For visuomotor rotation, the deficits have been reported for sudden perturbations of both small (30 deg, Hardwick & Celnik, [@b22], but see Heuer & Hegele, [@b25]) and large amplitude (60 deg, Bock, [@b4]; Heuer & Hegele, [@b25], [@b26]), but not for gradual perturbations (Buch *et al*. [@b8]; Cressman *et al*. [@b9]). Several mechanisms have been posited for this deficit in adaptation in older people. The impairment could be cognitive and underpinned by a deficit in spatial working memory (Anguera *et al*. [@b1]) or by the inability to use explicit strategies to compensate for the rotation (Heuer & Hegele, [@b25]). More recently, it has been suggested that the decline in adaptation may also be due to a deficit in reinforcement learning in the older adults (Heuer & Hegele, [@b27]) and/or a deficit of the slow process of motor adaptation (Trewartha *et al*. [@b61]). Although our study aimed at replicating the findings of the studies above, further research will be needed to disentangle the mechanisms behind the deficit.

Previous studies have found that anodal TDCS over the lateral cerebellum enhances the acquisition of different forms of motor adaptation in young adults (Galea *et al*. [@b19]; Jayaram *et al*. [@b34]; Block & Celnik, [@b3]; Zuchowski *et al*. [@b65]; Herzfeld *et al*. [@b24]) and in older adults (Hardwick & Celnik, [@b22]). Our results are directly at odds with these reports as we do not find any effect of the anodal TDCS over the lateral cerebellum. While the studies above placed the cathode over the buccinator muscle (i.e. cheek), we placed it on the shoulder to avoid the confound arising from placing the cathodal electrode on the participant\'s head. Current density modelling suggests that this montage with the reference on the shoulder provides maximal current flow within the cerebellar hemispheres (Parazzini *et al*. [@b48]; Rahman *et al*. [@b50]). Moreover, electrode montages with reference on the shoulder have been used successfully in a few stimulation studies (Joundi *et al*. [@b35]; Brittain *et al*. [@b7]; Mehta *et al*. [@b41], [@b42]). Finally, in a recent study using a similar montage, we found that TDCS over the cerebellum affected saccadic adaptation in a polarity-dependent manner (Panouillères *et al*. [@b47]). All these reasons make it unlikely that the different electrode montage for cerebellar stimulation is the reason for our lack of effect.

Our main finding that TDCS of M1 improves adaptation is also at odds with the study by Galea *et al*. ([@b19]) who found that anodal stimulation of M1 increased the retention of adaptation, but not its initial acquisition. However, at least one other study has found M1 TDCS effective in improving adaptation (Hunter *et al*. [@b32]), while three other studies did not find any effect of M1 stimulation on force-field and visuomotor adaptation (Baraduc *et al*. [@b2]; Block & Celnik, [@b3]; Herzfeld *et al*. [@b24]). Our results are then consistent with growing evidence that the behavioural response to TDCS is sensitive to small variations in protocol. Several differences in protocol can be highlighted between our study and others already in the literature. For example, compared to Galea *et al*.'s study ([@b19]), differences include the number of trials in baseline (50 *vs*. 196), the explicit knowledge of the perturbation, the type of movement and the effectors used (wrist/finger *vs*. arm) exist. However, it might be that the most important difference is the size of the visuomotor rotation (60 deg *vs*. 30 deg). It has been suggested that adapting to larger rotations involves more explicit learning strategies compared with adapting to smaller rotations and it has been hypothesised that these explicit processes are specifically prone to age-related changes (Heuer & Hegele, [@b25]; Hegele & Heuer, [@b23]). Furthermore, the processes that underpin the explicit components of visuomotor adaptation are thought to be cortical whereas implicit visuomotor adaptation is thought to be cerebellar. Therefore, it might be that the efficacy of M1 stimulation that we see in this study -- and that is not seen in other studies using smaller rotations -- is due to the cortical locus of the explicit processes engaged during adaptation to larger visuomotor rotations. It should also be noted that the level of control exerted by M1 over fine finger and wrist movements is far higher than that over reaching movements of the whole arm (see Lawrence & Kuypers, [@b40]). Therefore, it may be that M1 is more involved in the processes that adapt movements of the hand (as used in the current study) than those of movements of the arm. In agreement with our current result, facilitation of implicit and explicit motor learning of finger movements with M1 TDCS have been demonstrated in serial-reaction time tasks (Nitsche *et al*. [@b46]; Kantak *et al*. [@b36]) and motor skill learning tasks (Reis *et al*. [@b51]; Stagg *et al*. [@b60]; Schambra *et al*. [@b55]).

Our study shows that online M1 stimulation is beneficial to adaptation performance on our motor adaptation task irrespective of age. This effect could not be attributed to a placebo effect, as it was only present for M1 but not cerebellar TDCS. In relative terms, M1 stimulation improves the final reduction of error compared to sham stimulation (see Methods) by around 30% in both age groups. Our findings are certainly in line with previous studies showing that TDCS over M1 in the older adults could increase M1 plasticity and facilitate skill acquisitions in hand tasks, e.g. the Jebsen-Taylor hand function test and a finger-tapping task (Hummel *et al*. [@b31]; Goodwill *et al*. [@b20]; Zimerman *et al*. [@b64]). Moreover, M1 TDCS has a lasting effect in both age groups as about 40 min after the end of M1 stimulation young and older participants performed better in VM Adapt2 than in the sham condition. These data highlight that in both young and older adults, TDCS can have a similar behavioural impact lasting up to 40 min after stimulation termination. This is in agreement with a previous study that has shown that initial improvements in motor performance brought about using TDCS lead to improved retention 24 h later in older participants (Zimerman *et al*. [@b64]). Thus, our results show that, despite the functional and structural brain changes associated with healthy ageing, the mechanisms 'activated' by TDCS that result in improved performance in visuomotor adaptation in young adults remain available in older participants.

In conclusion, we confirmed that ageing is associated with a decline in visuomotor adaptation. Anodal TDCS over the motor cortex similarly enhanced the adaptation of both young and older adults and the improvement lasted in both age groups up to 40 min after the stimulation termination. This effect of the stimulation restored the performance of older adults to the one of young adults (without stimulation). These results demonstrate that TDCS of M1 can enhance visuomotor adaptation via mechanisms that remain available in the ageing population. Our findings indicate that TDCS may be a useful tool to help combat the normal decline in motor performance seen in normal healthy ageing.
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M1

:   primary motor cortex

TDCS

:   transcranial direct current stimulation

TMS

:   transcranial magnetic stimulation
